Objective: We conducted a meta-analysis of relationships between amyloid burden and cognition in cognitively normal, older adult humans.
The observation of fibrillar amyloid plaques among many cognitively normal, older adults may have several explanations: 1) amyloid plaques may not directly represent the pathophysiologic processes associated with Alzheimer disease (AD), which may include tauopathy, 1,2 2) certain individuals may possess protective factors, or 3) such individuals may be in a preclinical phase of AD destined to eventually develop cognitive symptoms. [3] [4] [5] To evaluate these possibilities, researchers have attempted to detect subtle cognitive differences between cognitively normal individuals with and without amyloid biomarkers [6] [7] [8] [9] [10] ; however, the empirical data remain equivocal.
There are wide differences in biomarkers of amyloid used, including histopathologic examination, assays for monomers of amyloid-b in CSF or blood plasma, and PET imaging of radioligands that bind to fibrillar amyloid plaques. Variability in the measurement of cognition is also large, ranging from tests developed for clinical use to experimental tests that may detect preclinical deficits. [11] [12] [13] [14] Additionally, many studies have collapsed data across diagnostic groups, conflating diagnosis and cognitive status.
A key question regarding the relation between amyloid and cognition is whether cognitively normal individuals with elevated amyloid burden experience current decrements in cognition not meeting clinical thresholds, or subsequent cognitive declines eventually leading to a clinical diagnosis of AD. A second question is whether a specific profile of cognitive deficits could indicate that an individual might benefit from further assessment for preclinical AD using a biomarker. To examine these possibilities, we conducted a meta-analysis on assessment of amyloid-cognition relations exclusively in cognitively normal individuals.
METHODS Selection criteria and search strategy. The selection criteria were that a study: 1) reported associations between amyloid (measured via CSF or plasma, imaging, or postmortem) and cognition, 2) reported results for 1 or more separable cognitive domains (i.e, not just global cognitive status), 3) had available results including only cognitively normal older adults, and 4) provided sufficient information in the publication or via contact with the authors to allow computation of effect sizes. The selection process included 3 stages: 1) an initial search stage used PubMed to identify studies to be screened for relevance via abstracts, followed by full-text screening for relevant or inconclusive abstracts, 2) a secondary screening of abstracts and full text of articles cited by identified studies or reviews, [7] [8] [9] [10] [15] [16] [17] [18] and 3) personal communications with authors for relevant studies containing insufficient information for effect size computation; communications included requests for additional relevant studies, which were screened as above. The search period occurred through November 19, 2012 (further details in e-Methods on the Neurology ® Web site at www.neurology.org).
Studies using comparisons between discrete groups (e.g., amyloid-positive vs amyloid-negative) and treating amyloid burden as a continuous measure were included; continuous analyses were preferred if provided. Patient-focused studies providing sufficient information on a cognitively normal control group were included. If a cognitively normal control group was indicated, but not reported separately, requests to authors were made for subgroup analyses.
Sixty-four studies representing 7,140 subjects across all domains and contributing 77 analytic datasets (table e-1) were selected for inclusion (some studies included multiple samples, multiple biomarkers, or both cross-sectional and longitudinal analyses). Because multiple publications from each research group report data from the same subjects, an independent subset of subjects (maximum of 3,495 for any domain) from 34 datasets was selected to uniquely represent each cohort (table 1) . The largest sample from each cohort in each cognitive domain was selected, with more recent samples preferred for similar sample sizes. To maximize methodologic homogeneity, the primary analyses examined 16 datasets (maximum of 1,278 subjects) with independent cohorts using Pittsburgh compound B (PiB). Secondary analyses included independent cohorts across all amyloid assessment methods. Exploratory analyses of the full dataset are provided in the e-Results to estimate the potential range of results if more power is available, but caution is urged in interpreting results from these nonunique datasets.
Amyloid assessment. Amyloid assessment methods included histopathologic examination using staining and immunohistochemistry, CSF and plasma assays of amyloid-b40 and amyloid-b42 monomers, and PET imaging using PiB, florbetapir, and florbetaben (see e-Methods).
Neuropsychological assessment. The primary cognitive domains examined were episodic memory (including both verbal and spatial assessments), executive function (a broad category including tasks involving directed attention, inhibition, phonemic fluency, taskswitching, and working memory), processing speed, visuospatial function, and semantic memory (including vocabulary and language tests). We also examined working memory as the only executive function subdomain reported in sufficient studies to allow separate examination. We examined global cognitive function to assess whether specific domains were more sensitive than global measures. Tasks classified to each domain are listed in the e-Methods. If a study included both a composite score and individual tasks for a domain, the composite score was used. For studies with multiple individual measures of a domain, the average effect size across measures was used.
Effect size computation and statistical analysis. Effect sizes were computed using mean differences, analysis of variance, t tests, or odds ratios comparing amyloid-negative and amyloidpositive groups (Cohen d), and from correlations or regressions treating amyloid as a continuous measure (r). Greater impairment associated with increasing amyloid burden was coded as a positive effect. All effect sizes were translated into r values, z-transformed, and weighted using inverse variance weighting computed from the sample size (for r, w 5 n 2 3). Mean effect sizes were transformed back into standard r values for reporting purposes. Dummy-coded covariates were used to identify a single representative study from each cohort, and to account for study design (cross-sectional vs longitudinal), method of amyloid assessment, and whether age (and other nuisance variables) was controlled in the reported analysis. All results are reported using a randomeffects model. Analyses were conducted using SPSS version 20.0 software (IBM SPSS, Armonk, NY) and associated macros. 19, 20 Homogeneity was examined using Cochran Q.
In analyses combining across assessment methods, we assumed that all assessments of amyloid burden should have a similar relationship to cognition. To ensure that this does not obscure results evident with a more homogeneous methodology, we examined homogeneity across assessment methods using weighted 1-way analysis of variance and computed effect sizes separately for PET imaging with PiB, the most common assessment method.
For each statistical analysis, 7 tests were performed, corresponding to the 7 cognitive domains. We applied the Benjamini-Hochberg procedure to obtain a false discovery rate-corrected threshold using a 5 0.05 for each analysis. 21 RESULTS Results in PiB studies only. Although no studies were removed because of inhomogeneity (see figure 1 and e-Results), we began by examining the largest and most methodologically homogeneous subset of studies, those using PiB imaging. Sixteen of the 34 studies (47%) among the independent cohorts used PiB imaging, representing a maximum of 1,278 subjects (table 2, left). Within this subset, no domain exhibited significant inhomogeneity (all p values .0.35). Only episodic memory exhibited a significant effect size (table 2, left; figure e-1), and this effect was significantly larger than all other domains (all p values ,0.05, 1-tailed) Results in independent cohorts. Additional analyses were conducted using all 34 studies with independent cohorts, representing a maximum of 3,495 subjects (table 2, right). Significant effect sizes were observed for episodic memory, executive function, and global function, whereas working memory, processing speed, visuospatial function, and semantic memory did not have a significant effect size. Although episodic memory had the largest effect size, it was of similar magnitude to that of global function. Because the utility of plasma as a biomarker of brain levels of amyloid-b is still undetermined, 17 and the studies using plasma markers [22] [23] [24] were among the most highly weighted because of their large sample sizes, we examined the results excluding these studies. Results were almost identical, with no meaningful change in the effect size or significance for any domain.
No significant effects were found for variability across amyloid assessment methods (CSF/plasma, histopathology, or PET imaging), study design (cross-sectional or longitudinal), or whether control variables were included or not (see e-Results).
The primary difference in this analysis compared with that including only PiB studies involved executive function, working memory, and processing speed. This may suggest a difference among amyloid assessment methods for these domains; however, no direct comparisons between PiB and all other methods reached the false discovery rate-corrected significance threshold for any domain (see e-Results). DISCUSSION The results indicate that increased amyloid burden is associated with decreased cognitive performance in individuals without a diagnosis of mild cognitive impairment or dementia. The profile of performance associated with amyloid burden was that episodic memory and global cognitive function consistently had the largest, albeit still modest, effect sizes, whereas executive function, working memory, processing speed, visuospatial function, and semantic memory exhibited relatively smaller effect sizes with more inconsistency across analyses. It is important to note that even the largest mean effect sizes observed are considered small effects, 25 accounting for less than 2% of the total variance in cognitive performance and corresponding to Cohen d 5 0.24. This is much smaller than effects (d 5 1.03 for memory and 1.07 for executive function, corresponding to r z 0.46) observed in a meta-analysis of longitudinal studies of individuals later converting to AD without respect to amyloid pathology. 26 Although variability or measurement error in either the cognitive or amyloid variables could reduce the ability to detect the truth of a more substantial association, if the true correlation is within this range, it suggests that much larger samples than typically reported (e.g., n 5 428 for detection of r 5 0.12 with 80% power) are necessary for investigations of amyloid-cognition relations. Hence, large programmatic datasets or multicenter studies are most likely to yield informative data, and clinical trials on treatments for cerebral amyloidosis using cognitive outcomes must be appropriately powered, attempt to identify specific cognitive variables with larger effect sizes, or examine subpopulations (such as those with the highest amyloid burden) in which effect sizes may be larger. Our findings indicate that small but nontrivial differences in cognitive performance, especially memory performance, while an individual remains in the normal range may be an indication of amyloid burden associated with preclinical AD. However, it should be noted that these results do not show that amyloid burden is the pathophysiologic cause of such cognitive effects, only that it is correlated with cognition, and do not contradict theories that tau or other pathophysiologic processes are involved in the causal chain.
The current results provide only partial support for hypotheses that amyloid pathology has a greater influence on memory-related systems than on other cognitive domains. 27, 28 Episodic memory had the largest and most significant effect size of the specific domains across all analyses. In the most methodologically homogeneous subset (studies using PiB imaging), episodic memory had a significantly larger effect size than executive function, working memory, processing speed, visuospatial function, or semantic memory. Of the other specific cognitive domains, only executive function had a significant effect size in the full independent cohorts analysis. Studies not using biomarkers of amyloid have suggested that measures of executive function may predict subsequent decline toward dementia, 29 although changes in executive function may occur later, relative to memory decline, in preclinical AD. 30 Global cognitive function had an effect size approximately as large as episodic memory across analyses and so may provide an important indicator of the earliest influences of amyloid on cognition.
Because of ceiling effects on many measures of global cognition among cognitively normal individuals, very small differences may be meaningful. The measures of global cognition in our analyses, with 1 exception, 14 included a submeasure of episodic memory. It is possible that memory provides an outsized contribution to the relation of global cognition and amyloid burden within cognitively normal adults. Additionally, multiple studies reporting only global cognition were excluded [31] [32] [33] and this may bias the reported estimates for this domain.
The evident homogeneity in all domains and the pattern of spread in the funnel plots indicate relatively little evidence of publication bias. Given intense interest in the relationship between amyloid burden and cognition in preclinical populations, multiple reports prominently include negative findings. We attempted to mitigate bias by contacting authors when effect size estimates could not be derived from a publication. Effect sizes reported here may nonetheless represent the high end of expected relationships given the assumptions of our analysis. However, it remains possible that a critical level of amyloid burden may be necessary before neurodegeneration and cognitive change occur. If this is the case, the reported effect sizes may be an underestimate because most cognitively normal subjects have little to no amyloid burden, whereas the effects may be primarily driven by the subset of subjects with very high levels of amyloid.
There were several sources of variance among studies, including differences in amyloid assessment method, cross-sectional vs longitudinal study designs, and inclusion of control variables. However, the impact of these differences was modest, with considerable consistency of estimated effect sizes across methods. Potential exceptions to this were trends for smaller effect sizes in executive function, working memory, and processing speed using PiB rather than other measures. It will be important to reconcile the findings across methods to determine the extent to which amyloid burden truly affects executive function and its components or speed, and whether certain PET amyloid imaging techniques, as indirect measures of fibrillar plaque load, may provide a less sensitive indicator of amyloid's effect on some cognitive domains. Nonfibrillar and soluble oligomers of amyloid-b, not measured by current PET methods, are also likely present in preclinical individuals with fibrillar amyloid burden and could contribute to the cognitive effects observed. 34 Additionally, the PET imaging studies were dominated by a single tracer (PiB), with only 1 study for florbetaben and 3 for florbetapir. More studies with these and other markers will be necessary to determine whether the cognitive profile observed across PET tracers is consistent.
Another caveat is that the longitudinal studies available are limited, with modest sample sizes and relatively short follow-up intervals. More long-term longitudinal studies are necessary before any firm conclusions can be drawn regarding the utility of tracking cognitive change in relation to amyloid burden.
The impact of age on cognition has been estimated as having much larger effect sizes than those seen here for amyloid burden, ranging from r 5 0.23 in episodic memory to r 5 0.37 in processing speed for adults aged 50 years and older. 35 Some portion of the age-related impact on cognition is likely attributable to influences of amyloid on cognition, although aging often remains significantly associated with cognition even when controlling for amyloid. 12, 14, 36 Even if all amyloid-related variance in memory performance estimated here was shared with the age-related variance in memory, approximately 50% of the age-related variance would remain unexplained. The correlation between age and amyloid in cognitively normal adults is likely to be approximately 0.3 to 0.4 36, 37 ; therefore, a more likely estimate is that approximately 80% of the age-related variance will remain unexplained by amyloid burden. It is likely that genetic factors, such as APOE allele status, will affect the relationship among aging, amyloid burden, and cognition. [37] [38] [39] [40] Additionally, the preclinical impact of other types of age-related neurodegeneration on cognitive function during aging remains an important area of exploration. [41] [42] [43] [44] [45] The studies analyzed primarily involved assessments of amyloid burden without regional specificity. CSF and plasma measures are by nature nonlocalizable, whereas PET imaging and histopathology studies often use a measure of global burden or large-scale regions of interest covering multiple neocortical areas. The widespread distribution of amyloid burden across the neocortex may account for the potential impact on multiple domains of cognitive function. However, more detailed investigation of relationships between regional amyloid deposition and cognitive domains is warranted.
The influence of amyloid on cognition seems to be of small, but nontrivial, magnitude. Episodic memory had a somewhat larger relationship to amyloid burden than did other specific cognitive domains, although it had a similar effect size as global cognitive function. Executive function had a significant relationship to amyloid burden only when combining across methods, indicating possible inconsistency across assessments. The clinical utility of such small effects is unclear, but knowing the cognitive profile of the subtle impact of amyloid burden before clinical impairment is observed may aid development of markers of preclinical AD or lead to outcome measures for clinical use.
